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The Economics of Power Generation

Via the Shell Gasification Process

P. J. Halbmeyer

INTRODUCTION

An SGP-based power station (36P/PS) is based on the partial

oxidation of fuel and differs from a conventional power

station (CPS) in the following main aspectss

. In a CPS the fuel o0il is burned with air at atmospheric

pressure in a boiler where the heat of combustion is used
to produce superheated high-pressure steam.

In an SGP/PS the fuel oil is first partially oxidized with
air at elevated pressure,whereby the fuel oil is conver-
ted into a raw fuel gas. This gas, after removal of
contaminants such as ash and sulphur, is subsequently

burned in a combustor and expanded in a gas turbine.

In a CPS all electricity is produced by the expansion
of steam in turbo-generators.

In an SGP/PS electricity is partly produced by expansion
of gas in gas turbo-generators and partly by expansion

of steam in steam turbo-generators.

The SGP/PS scheme shows the following interesting aspectse:

a) Recovery of up to 95% of the sulphur in fuel oil as

elemental sulphur is possible with conventional, well

proven gas treating and sulphur recovery processes.
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b) The high efficiency of electricity generation via the

gas and steam turbine cycle compensates for the effi-
ciency loss caused by the processing steps converting
the high=-sulphur, high-ash residual fuel oil into a

clean fuel gas.
c¢) No emission of particulate matter.

d) Low emission of nitrogen oxldes because of low flame

temperature.

e) Lower demand for cooling water than in a CPS, since only
part of the electricity is raised via the steam expan-

sion (and subsequent steam condensation) cycle.

f) The operation at elevated pressure results in the use

of compact, shop-fabricated, equipment.

residual fuel ojl as fuel to the power station. The SGP
has been developed .with special emphasis on the use of
heavy residual fuel o0il as feedstock and commercial oper-

ation of the SGP units has shown that the reliability and

e

on-stream efficiency of the process is high, even in cases
where high-ash fuels are being processed. An on-stireanm

efficiency of 95% can be taken as a realistic figure.
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At present close to 100 units with a total throughput ex-
ceeding 11,000 tong/d fuel have been, or are being, construc-
ted. A power station based on the above concept but ueing

coal as feedstock has been built in Germany.1)

DISCUSSION
The conversion of the chemical energy of a fuel oil into

electricity is usually effected by the following steps

(Fig. 1):

a) Complete combustion of the fuel oil with air at atmos-

pheric pressure.

b) Recovery of the heat of combustion by the production of

superheated, high-pregsure stean.

c) Expansion of the steam through a steam turbo-generator

for the production of electricity.

d) Condensation of the steam and recycle of the condensate

in the form of boiler feed water to step b).

In this process the sulphur present in the_fﬁel oll 1is
converted into SO and emitted with the flue gas to the
atmosphere unless special equipment is installed for the

removal of this S022).

161




of

a)

b)

c)

d)

e)

)

g)

h)

SGP-based power stationB)'7) as envisaged here consists

the following steps (Fig. II)s

Partial oxidation of the fuel o0il with air at elevated

pressure (10-20 atm.) for the producticn of raw fuel gas.

Removal of the sulphur components (mainly H2S) from the

raw fuel gas.

Complete combustion of the clean fuel gas.

Expansion of the combusted gas through a gas expansion
turbine, coupled with an electric generator,. for the 5
production of electricity.

Cooling of the gas turbine exhaust gas.

Recovery of heat in steps a), c) and e) in the form of

high~pressure superheated steam.

Expansion of the steam through a turbo-generator for the

production of electricity.

Condensation of the steam and recycle of the condensate

in the form of boiler feed water to steps a), c) and e).
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Compared with a conventional oil-fired power station the

SGP/PS shows three significant new elements. These ares

1. The fuel gas preparation step

In this step the fuel oil is first partially oxidized
in a reactor at elevated pressure (15-25 atm.) with air,
whereby the oil is converted into a gas with carbon mon-
oxide and hydrogen as the main constituents.

The sulphur of the fuel o0il is mainly converted into
hydrogen sulphide, which component can subsequently be
removed with a conventional gas-treating solvent.

In Fig. III a scheme is given of the Shell Gasification

Process (SGP). The main items of the SGP ares

a) Reactor with combustor/gun assembly.

b) Waste-heat boiler enabling the production of high-~
pressure steam.

¢) Gas scrubber to clean the gas of carbon and ash.

d) Carbon work-up and recycle section.

The operating pressure of these units ranges between
atmospheric pressure and around 60 atmospheres. The
pressure of the steam ralsed in the variocus waste-heat

boilers ranges between 30 and 100 atmospheres.
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In the case of partial oxidation with air, as envisaged for
power station applications, the gas leaving the SGP will
have the following composition when starting with a re-~

sidual fuel oil of 4% wt sulphurs

% vol. (dzry)

Ho 14.7
on 22.0
Cop 2.5
HpS 0.5
Cos 0.03
CHy 0.3
No + A 60.0

This gas is free of soot and ash and is subsequently
treated for sulphur removal. Since the gas contains
C02 as well as the sulphur components H2S and CO0S, a
number of alternative methods for the removal of the
sulphur components and the subsequent conversion of
these components into elemental sulphur is to be con-

sidered, for instance:
a) Complete removal of COS and HpS

This is possible by using & mixture of a physical

solvent and a chemical solvent such as Sulrinole).
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which consists of Sulfolane (tetfahydrqthiophene 1.1

dioxide) and DIPA (di-iso propanol amine). Such sol-
vent completely removes the H2S and the COS but at
the same time completely co-absorbs the CO2. This
results in a considerable dilution of the H2S feed

to the subsequenf Claus unit, where the H2S is con-
verted into sulphur. A special design for the Claus
unit is therefore required in this case. An overall

sulphur recovery of 95% can be obtained.
Selective removal of H2S

This is possible by using a chemical solvent such as
di-iso propanol amine (Shell Adip process)el vhich
completely removes the E;S but only part of the CO;
and COS. In this way a reasonaﬁle Hy3 concentration
in the feed to the Claus unit is obtained, making
the design of the Claus unit simpler but at the cost
of a lower overall sulphur removal eff;cienoy, which
will be of the order of 85-90%. By 1ncoiporating
special design features in the sulphur reocvery unit
(Claus unit), this figure can be increased by up to

5 points.
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2. The superoharged boiler

The clean fuel gas, as produced in the gasification/
desulphurization section, is burnt in a supercharged
boiler at about 10-20 atm. In this boiler the high-
pressure saturated steam produoced in the waste-heat

boilers of the gasification unit is superheated.

The supercharged boiler has the following advantages:

a) By application of such a boiler the steam conditions
are made lndependent of the gas turbine outlet temp-
erature. This means that the stean suporhecé temp-
erature can be 540°C instead of 350 to 400°C¢ if the
steam is superheated in a non-fired gas turbine ex-
haust boiler installed downstiream of a gas turbine
with an inlet temperature of 850 to 950°¢ (present-
day technology for 1ndgstrial gas turbines). The
higher steam superheat temperature results in a
higher net efficienoy for the power station. A
fired exhaust boiler, although superior to & non-
fired one, would show higher staok losses as compared

with a supercharged boiler.

b) The high gas pressure and the high heat transfer
rates result in a compact boiler, whioh is fully

shop-fabricated.
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¢) It is expected that the nitrogen oxides emiseion will

be lower then in direct combustiom of the gas in the

gas turbine combustion chamber.

By controlling both the combustion air dosage and the
amount of steam auberheated in the boilez;ihe temperature
of the gasAleaving the supercharged boiler can be regu-

lated. This gas is sent to the gas expansion turbine.

5. Gas expansion turbine

The incorporation of gas turbines in natural gas (or
light distillate fuel) fired power stations is finding
increasing application both because of the high effi-
ciencies that can be obtained and/or because the capital
cost for such power stations is relatively 1ov9). An
important aspect of using a gas expansion turbine is
that the inlet temperature of such a turbine can be
qonsiderably higher (at present 8509C - 950°C) than the
temperature at which a steam turbine can operate (550°C),
this governed by the fact that steam-ralsing and super-
heating at higher temperatures, as well as providing
suitable turbine casings for high-preaau;e/high—temper-
ature steam, meets with great technical problems. The
combination of a gas expansion turbine oycle with a

steam expansion cycle therefore enables the conversion
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of heat into electricity, starting at a very high temp-

erature level, which favourably affects the conversion
efficiency.

Another important aspect relevant to the use of gas tur-
bines in power stations is the reliability and availabi-
lity of the gas turbine. The use of gas turbines in

pover stations genarally has been éonfined to those

~

pover stations that are operated for peak-shaving pur-
poses, for which duty the low capital costs are of advan~
tage and availability is of lesser importance. Recent
reports indicate that the availability of the gas tuz-'
bine cycle can be better than that of the steam turbine
cyc1e9) and also that long periods between maintenancg
are being obtained1°). An example of the increasing
confidence in the reliability and availability of gae ;
turbines is their use in high-capital natural gas lique-

faction planta11).

As already stated,it seems unlikely
‘thata steam temperature above 550°C ocan be obtained, ;
mainly because of very great material problems encoun-’ f
tered in the design of the steam turbine, boiler and . '
- superheater. There are, however, promising indications

that, through a combination of blade cooling technigneg

and blade material developments, the allowable inlet_h ‘
temperature of gas turbines will continuously be 1nj

creased., This means that the efficiency of convert@ng

heat into eleotricity can be expected to gradually
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increase for power stations indorporating €as turbines.
In Fig. IV a forecast of gae turbine inlet temperature

progression, as given by United Airoraft12l is presented.

EFFICIENCY OF SGP-BASED POWER STATIONS

The combination of the various elements of an SGP?PS, as
deacribgd above, together with a convéntionsl ptean oycle
leads to a power station (Fig. V) where the efficiency
loss caused by the clean fuel gas preparation step is
compensated to a great extent by the high heat-to-electri-
city conversion efficiency obtained through the incorpor-
ation of the gas turbine., In Table I the effect of the
gas turbine inlet temperature on the overall efficiency

of the SGP/PS is shown.

Table I

Bfficiencies of SGP-based Power Stations‘),_

Gas turbine inlet
temperaturs, °C 850 | 1000 | 1200 | 1400

Plant efficiency % 38.5 | 40.8 | 43.0 | 44.7

Percentage power ex gas
turbine cycle, % - 24 29 . 35 40

Steam to be condensed, kg/kWh
as % of conventional power _
station % 87 81 74 69

a) The efficiency of a CPS comprising steam turbines with
an efficiency equal to those used in the above SGP-based
pover stations was caloulated to be 29,5%.
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From this table it can be concluded that at a gas turbine

inlet temperature of around 900°C the efficiency of an
SGP/PS is equal to that of a conventional oil-fired power
station. This means that at 900°C the favourable effect

of this high temperature level on the overall plant effi-
ciency has fully compensated for the efficiency losses
CHUBEG WY VLG Ludl gad piopeievica Seipe

An interesting aspect is that, since in the SGP/PS eleo-
tricity is generated both by a gas expansion cycle and by

a stean expansion cycle, considerable freedom exists in
optimizing towardse alternative aspects such as efficiency,
capital outlay and oéoling water requirement. If, for in-
stance, thermal pollution is an ipportant oonsideration, the
cooling water requirement can be reduced by diverting part ‘
of the pteam into the gas expansion oycle. In this way
electricity generation via the gas expamnsion éyole is in-
creased, and the cooling water requirement for steam conden-
sation is deorsased. This scheme would of oourse at the
same time decrease electricity generation via the steam
cfcle and would result in consumption of boiler feed water.
It has been calculated, for instance, that at 850°C turbine

inlet temperature a steam injection into the gas turbine
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inlet stream at a rate of 2.5 kg/kg power station oil feed

would have the following effects (compare Table I):

Percentage power ex gas turbine oycle would increase from
24% to 36%. Steam to be condemsed would be reduced from
87% to 60% (kg/kWh as % of conventional power station).

Plant efficiency would be reduced from 38.5% to 37.7%.

ECONOMICS OF SGP-BASED POWER STATIONS

In Table II the economics of an SGP/PS are compared'with
. those of a conventional power station. Some uncerteinty
exists about the capital cost figures used for the various

SGP/PS schemes given..
This aspect is under investigation.

The additional costs incurred in the SGP/PS as oompared to
the costs of a conventional power station are oharged in
this table as a "sulphur removal cost"™ against the fuel oil
used. In this way the operation of an SGP/PS can be compared

with alternative ways of removing sulpbur from fuel oil.
Such an alternative process is, for instance, the hydrodesul-
phurization of residual fuel oil (the so-called "direct

hydrodesulphurization process™)., This prooess results in
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desulphurization gosts ranging from $200 to $360 per ton

sulphur removed, depending on crude origin13) (for residual
oils of certain, high ash content, crude types hydrodesul-

phurization is not yet feasible).

Table II

Economics of SGP-baged Power Stations

Basie: 200 MW unit; 6000 hours annual gervice period;

with 4% wt sulphur; 90% desulphurization.

Operating costs plue a capital charge taken as 20.5%
on capital (5% for operating, maintenance and over-

head, 0.5% for catalysts and chemicals, 15% for re-

payment of capital, tax and return on ocapital).

Sulphur oredit: $20/ton.

fuel

Conventional
Power Station

SGP-based
Power Station

j

Turbine inlet temp., °C

Plant efficiency, %

Capital US § x 106 8)

Cost Sf sulphur removalb)
5/ton S

¢/varrel/% S

39.5
40

Y
approx. 250%/

approx.

40°)

I

850
38.5
48-46.5

165-134
26-21

II III

1000 1200
40.8 43.0
48-46  48-45

130-85  96-26
20-13 ' 15-4

1400
44.7
48-44.5

70~ ~14
11- -2

a) The capital figures are taken from a 1970 Shell/Sulger

study3’ 7) oomparing a 200 MW CPS with a two-stage ex-

pansion SGP/PS and escalated for 1972.
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II, III and IV two assumptions have been made:

1) Capital remains 48 and
2) capital is reduced proportionally with the increase

in the gas turbine contribution to power generation.

b) Calculated on the basis of the difference im price
between high-sulphur fuel (for the SGP/PS) and the clean

fuel (for the CPS) at a constant electricity price.

¢) Hydrodesulphurization of long residue (cost can be as
high as $360/ton 8 or £57/barrel/% 813)).

From Table II it can be comcluded that an SGP-based power
station ueing currently available gas turbines with an
inlet temperature of 850°C results in "sulphur removal
costs" that are of the order of 60 to 70% of the costs of

alternative desulphurigation techniques.
A further increase in the gas turbine inlet temperature
would result in a substantial reduction of the "sulphur

removal costs™ of the 8GP-based power station.

CONCLUSIONS

Compared with a conventional oil-fired power station, the

SGP/PS has the following attractive characteristics:
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1)

2)

3)

N
.

5)

Some 90% to 95% of the sulphur in the fuel is not emitted
to the atmosphere but is recovered as elemental sulphur.
The "sulphur removal costs™ compare favourably with

the costs of alternative desulphurization techniques.
No emission of particulate matter.

Low flame temperatures are applied, which can be expected

to result in low emission of nitrogen oxides.

Dadnnod nanline wataw manndmamanta
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The operatidn at elevated pressure results in the use
of compact, shop-fabricated equipment, which will have

a favourable effect on construction time.
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FIG.X
S.GP.-BASED POWERSTATION
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